[1] Impact cratering events on icy planetary bodies may produce transient liquid water and vapor. We present the first thermal emission measurements from shocked H 2 O ice and derive peak and post-shock temperatures. Under shock pressures between 8.2 and 13.6 GPa, initially $165 K ice is heated to between 673 and 1055 K. In the time frame of the experiment, the shocked H 2 O releases to the saturation vapor curve and does not achieve full decompression. The temperature results are used to validate the new 5-Phase H 2 O model equation of state (EOS). The 5-Phase EOS is used to predict the critical shock pressures required to induce melting and vaporization of ice for a wide range of ambient pressures and temperatures. Impact events with velocities as low as $1 km/s will initiate phase changes on icy surfaces. Thus, shock-induced melting and vaporization of ice is a widespread process in the solar system.
Introduction
[2] Impact cratering is one of the major geologic processes in the solar system. Impact-induced phase changes are a particularly important process in the evolution of the surfaces of icy planets and satellites. For example, melting and vaporization of ice during impact events may redistribute volatile reservoirs and create transient, water-rich habitats. Numerical simulations of impact events have been used to infer the production and amounts of transient liquid water on Mars and Titan [Artemieva and Lunine, 2003; Stewart et al., 2004; Artemieva and Lunine, 2005; Pierazzo et al., 2005] and to estimate the thickness of the brittle ice crust on Europa [Turtle and Pierazzo, 2001] . In addition, the post-shock temperature field is important for rheological models of H 2 O ice, which in turn affects the observed crater morphologies [e.g., Senft and Stewart, 2008] . These computational studies rely on a model equation of state for H 2 O to infer the post-impact temperature field and the occurrence of phase changes.
[3] Here, we present peak and post-shock temperature measurements from shock pyrometry experiments on H 2 O ice. The results are used to validate the temperature and entropy in the new 5-Phase H 2 O model EOS [Senft and Stewart, 2008] and to derive the criteria for shock-induced phase transformations during impact events on icy planetary bodies.
Experimental Method and Data Analysis
[4] Specimens of transparent, polycrystalline, columnar ice were grown from degassed, distilled water. The typical column width was 3 to 4 mm. Target ice samples were cored in the columnar direction and cut into nominally 31 Â 3 mm discs.
[5] Planar shock waves, with peak pressures between 8 and 14 GPa, were generated in ice using the Harvard 40-mm single stage powder gun. Ice samples were mounted on an aluminum driver plate and enclosed in an 1 Â 10 À4 Pa ($1 microtorr) vacuum chamber with a downrange CaF 2 window for optical and infrared measurements. The driver plate was cooled by liquid nitrogen. Simultaneous particle velocity and radiance measurements were recorded from the downrange face of the sample. The experimental configuration is described in previous work Stewart et al., 2006] and in the auxiliary materials 1 . The ice sample temperature was maintained at $150 K (sufficiently cold to prevent significant sublimation under vacuum), and at the time of the experiment the ice temperatures were 165 ± 11 K.
[6] Time-resolved emission was collected by a photomultiplier tube filtered at 0.65 mm and a near-infrared (NIR), four-band (centered at 1.8, 2.3, 3.5, 4.8 mm) pyrometer built at Los Alamos National Laboratory [Boboridis et al., 2003] . The NIR pyrometer is sensitive to radiance temperatures as low as room temperature and has a temporal resolution of $17 ns. Free surface particle velocities were recorded by a Velocity Interferometer System for Any Reflector (VISAR) [Barker and Hollenbach, 1972] . The VISAR data provides a reference for the time of shock release in the thermal emission measurements.
[7] The peak shock pressure was derived from the impedance match solution using the measured impact velocity and known Hugoniots for the flyer, driver, and ice sample (Table S1 ). The compression and peak temperature is expected to be homogeneous because the peak shock pressures are much greater than the Hugoniot Elastic Limit ($0.5 GPa [Stewart and Ahrens, 2005] ).
[8] Typical NIR radiance data are shown in Figure 1 . When the shock reaches the driver-ice interface, we observe a radiance spike, which probably arises from trapped air and/or surface roughness as no adhesive material was used. At 1.8 and 2.3 mm, the observed emission then rises due to the decrease in absorption length as the shock wave travels through the sample. At 3.5 and 4.8 mm, ice is too absorbing to observe the propagating shock wave. Upon shock release by wave reflection at the downrange free surface, the radiance drops. At later times, the arrival of non-planar waves changes the observed radiance.
[9] We derived the peak shock temperatures following the method of Luo et al. [2004] . The observed radiance (L obs ) at 1.8 and 2.3 mm were fit by
where L driver is the radiance from the driver-ice interface (attenuated by the shocked and unshocked ice) and L H 2 O is the radiance from the shock front (attenuated by the unshocked ice). L driver , L H 2 O and the absorption coefficients (a u for unshocked and a s for shocked H 2 O) are fitted as a function of time using the changing thickness of H 2 O on either side of the shock front (d u for unshocked and d s for shocked) (see auxiliary materials for fits). The fitted absorption coefficients for unshocked ice are in excellent agreement with measured values [Hale and Querry, 1973] . Note that the driver interface contribution likely includes a time decaying component that was masked by the high absorption of shocked H 2 O. Radiance is converted to temperature using the Planck function. Reported peak shock temperature values are averages of the 1.8 and 2.3 mm fits.
[10] The temperatures of the shock released state are calculated using the average of the 3.5 and 4.8 mm channels, during the plateau after the shock reaches the free surface and using an emissivity of 1 (in agreement with the high absorption coefficients at these wavelengths). The 1.8 and 2.3 mm data are not used to derive post-shock temperature as the emission is dominated by the peak shock signal through the transparent sample.
Shock Temperature Results
[11] In experiments reaching shock pressures between 8.2 and 13.6 GPa, initially $165 K ice is compressed and heated to between 673 and 1055 K (Figure 2 , solid symbols). The observed temperatures after shock release fall between 382 and 530 K (Figure 2 , open symbols). Data are compiled in Table S2 .
[12] In Figure 2 , we compare the temperature data to the Hugoniot and shock release isentropes from the 5-Phase H 2 O model EOS [Senft and Stewart, 2008] . The 5-Phase EOS includes three solid phases (ices Ih, VI, and VII), liquid, and vapor. The EOS of the phases and phase boundaries are based on fits to experimental data. The development of the 5-Phase EOS is described in detail by Senft and Stewart [2008] . Although the model peak shock temperatures are about 10% lower (or about 1 to 2 standard deviations) than observed at a given shock pressure, the 5-Phase EOS is a very significant improvement over previous, commonly used EOS models for H 2 O ( Figure S6 ). The magnitude of the mismatch cannot be accounted for by the uncertainty in the initial temperature. The observed postshock temperatures are much higher than expected for full release to the ambient pressure in the sample capsule. Based on previous thermodynamic calculations and pressurevolume Hugoniot measurements [Stewart and Ahrens, 2005] , we expected release temperatures on the sublimation curve, at about 160 K (below our measurement limits).
[13] The release temperature data are explained by examination of the H 2 O temperature-entropy phase diagram (Figure 3 ). The temperature data are plotted using the model entropy on the 5-Phase EOS 165-K Hugoniot (grey line) for the peak shock pressure of each experiment. The data are compared to experimental phase boundaries (black lines) [Wagner and Pruss, 2002] . In the lowest pressure experiment (circle), the peak shock state lies in (or near) the ice VII-liquid mixed phase region; in the rest of the experiments, the peak shock state is a supercritical fluid. Unloading from the shock state is isentropic, so the release path is a vertical line.
[14] In Figure 3 , the released states clearly lie on the saturation vapor curve. In these experiments, the shocked H 2 O initially unloads to the liquid-vapor phase boundary, and continued decompression requires transformation to a mixture of liquid and vapor. Hence, complete decompression requires a significant volume expansion, and the volume expansion is incomplete during the period of observation. Release isentropes begin on the Hugoniot at the peak pressure for each experiment.
[15] Based on the observed release temperatures and the known saturation vapor curve, the partially released H 2 O is under pressures between 0.14 and 3.85 MPa. Full release to equilibrium at the initial ambient pressure (microtorr or 10 À4 Pa) would result in temperatures of $160 K.
[16] We note that the 0.65-mm channel consistently recorded temperatures of $1900 K during and after shock passage. Although no bubbles are observed in the ice samples under microscopic examination, a plausible explanation of the visible data is trace amounts of trapped air. To determine the possible contribution from air to the observed peak temperatures in the 1.8 and 2.3 mm channels, we fit a two-component mixture of air and H 2 O to the visible and NIR data (see method of Stewart et al. [2006] ). We found that any contribution from air to the observed peak shock temperatures is within the reported errors.
Criteria for Shock-Induced Phase Changes
[17] The onset of impact-induced phase changes is dependent on the ambient pressures and temperatures on a particular planetary body. Here, we use the entropy method of Ahrens and O'Keefe [1972] to determine the shock pressures required to drive phase transformations in H 2 O ice. The entropy of the shocked state is compared to the entropy values required for melting and vaporization as a function of the ambient pressure. In this manner, we derive the critical shock pressure that leads to a phase change upon full release from the shocked state for a wide range of ambient pressures and initial temperatures.
[18] In the regime where shock leads to partial vaporization, the new temperature data on H 2 O ice validate the entropies in the 5-Phase EOS. As shown in Figure 3 , the entropies on the model Hugoniot are within 2% of the entropies on the experimental saturation vapor curve at the observed release temperatures. Under conditions that lead to complete vaporization, the 5-Phase EOS is validated by comparison to published peak shock temperature measurements on liquid water [Kormer, 1968; Lyzenga et al., 1982] . The model temperatures on the liquid water Hugoniot are within 2 to 10% of the measured shock temperatures (2000 to 5300 K) at shock pressures between 30 and 80 GPa ( Figure S7 ). Previous work determined that the criteria for melting is controlled by the formation of high-density polymorphs of ice (ices VI and VII) [Stewart and Ahrens, 2005] , which are included in the 5-Phase EOS.
[19] Using the entropy values along experimentally determined phase boundaries [Wagner and Pruss, 2002] and the 5-Phase EOS, we calculate the critical shock pressure required to induce melting or vaporization upon release to a wide range of ambient pressures (Tables S4 and S5 ). The entropy in the shock state depends on the initial temperature, and the results for 100 K and 263 K ice are shown in Figure 4 . The shock pressures required for phase changes are lower than previous work [Kieffer and Simonds, 1980; Ahrens and O'Keefe, 1985; Pierazzo et al., 1997] and in good agreement with recent calculations accounting for low-pressure phase changes on the Hugoniot [Stewart and Ahrens, 2005] .
Discussion and Conclusions
[20] Impact velocity is a convenient parameter to determine the onset of shock-induced phase changes during impact events. Figure 4 provides the critical velocities for ice projectiles and ice surfaces. For comparison, the average present-day impact velocities for comets onto the icy moons of the giant planets range from about 3 to 60 km/s [Zahnle et al., 2003] . Mutual collisions between objects in the Kuiper Belt, including Pluto (atmosphere 0.1's Pa), are about 1 km/s [Trujillo et al., 2001] . On Mars (atmosphere $600 Pa), asteroid impactors have velocities of $10 km/s [Ivanov, 2001] . For the velocities during the late stages of planet formation, collisional growth of icy bodies will be accompanied by shock-induced phase changes that could lead to partial devolatilization [Ahrens and O'Keefe, 1985] . Hence, with the low impact velocities required for the initiation of melting and vaporization, almost all impact events onto icy bodies will initiate a phase change in ice.
[21] The shock temperature data on ice also highlight the importance of local conditions during impact events on icy bodies. The time scale and thermodynamic path from the shocked to the fully released state will depend upon the ambient pressure and confinement conditions. For example, during crater formation, a parcel of H 2 O shocked to a state that will lead to partial vaporization may transiently remain in a superheated liquid state if buried and pressurized. Future work will investigate the behavior of ice shocked into the supercritical state during crater formation and the effect on observed crater forms (e.g., central pit craters [see Wood et al., 1978] ). The behavior of shocked H 2 O during decompression should lead to a variety of features that depend on the ambient conditions specific to each icy planetary body.
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